Survival during an epidemic is partly determined by host genetics. While quantitative 10 genetic studies typically consider survival as an indicator for disease resistance, 11 mortality rates of populations undergoing an epidemic are also affected by tolerance 12 and infectivity (i.e. the propensity of an infected individual to transmit disease). Few 13 studies have demonstrated genetic variation in disease tolerance, and no study has 14 demonstrated genetic variation in host infectivity, despite strong evidence for 15 considerable phenotypic variation in this trait. Here we propose an experimental 16 design and statistical models for estimating genetic diversity in all three host traits. 17
Introduction

29
Infectious disease presents an enormous threat to animal and human populations, 30 with epidemic outbreaks often causing high mortality due to insufficient disease 31 control strategies. Over the last decades genetic and genomic studies have produced 32 compelling evidence of substantial genetic variability in host response to infectious 33 agents, potentially affecting epidemic risks and survival [1] [2] [3] [4] [5] [6] [7] [8] . Nevertheless, remarkably 34
little is known about how the genetics of individuals affects survival and disease 35 spread at a population level. Quantifying the host genetic contribution to epidemic 36 risk and severity remains a long-standing challenge in infectious disease research [9] [10] [11] . 37
Quantitative genetic studies tend to consider disease resistance as the primary and 38 often sole host target trait for genetic disease control. The definition of disease 39 resistance varies across studies depending on the disease in question and the 40 7 between recipient family resistance and shedder family infectivity) and a sufficiently 166 large number of fish from different families, ensuring reliable detection of differences 167 in resistance and tolerance between recipient families. Therefore, the resulting design 168 allowed not only detection of genetic variation in infectivity through differences in 169 disease onset profiles of recipient fish pooled by shedder families, but it also enabled 170 detection of genetic variation in resistance and tolerance by comparing different 171 profiles for onset of disease and infection-induced death, respectively, pooled by 172 recipient family. 173
Disease and survival data from the experiment were collected by inspecting all fish 174 twice a day over the duration of the experiment for visual signs of infection and for 175 mortality. For each fish displaying visual infection signs, the date and time of first 176 detection of signs was recorded. Similarly, for fish that had succumbed to the 177 infection, the date and time of detected mortality was recorded. Whilst 178 measurements of time to signs allow genetic analysis of resistance of recipient fish 179 and infectivity of shedder fish, measurements of the time from signs to death provide 180 information on genetic variation in tolerance. Fish family variation in disease resistance and tolerance. We found significant 206 differences across the 36 recipient fish families in time to signs (log-rank test: P < 207 0.001 for both trials) but small recipient family variation in time from signs to death 208 (log-rank test: P = 0.053 and P = 0.084 for trial 1 and 2, respectively, also see Figure 4) . 209
These results may indicate large genetic variation in resistance but small variation in 210 tolerance to the disease. Large and low variation for, respectively, time to signs and 211 time from signs to death were also found across tanks (Supplementary Figure 1) . 212
Effect of shedder family infectivity on onset of disease and subsequent survival. 213
Shedder fish family had a strong effect on recipient time to signs but little influence on 214 time from these signs to death (Figure 2 and Table 1 ). To quantify the effect of shedder 215 family on recipient infection and survival, we fit generalized linear mixed models 216 (GLMMs) to daily counts of recipient fish with visual signs and recipient fish that died 217 due to infection (see Methods). When applied to discrete time-to-event data and 218 assuming a baseline hazard for each day, these models can estimate hazard ratios 219 between different shedder families while controlling for other factors of the 220 transmission experiment 39, 40 . Recipients exposed to the most infective shedder families 221 (C and F for trials 1 and 2 respectively, see Figures 5a and 5b) got diseased at 222 approximately twice the rate of recipients exposed to the least infective shedder families9 trial 1 posterior mean: 1.80, 95% CI: 1.37, 2.23; trial 2 posterior mean: 2.10, 95% CI: 225 1.60, 2.75). As a further illustration of the effects of genetic differences in shedder 226 infectivity, we found that the relative hazard of a recipient showing disease signs when 227 exposed to the most vs the least infective shedder family was greater than 1.5, with 228 we presented a novel transmission experimental design which allows simultaneous 256 genetic analyses of host resistance, tolerance and infectivity. Temporal epidemic data 257 generated by applying our experimental design in an infectious disease model using 258 family-structured fish allowed to dissect the different sources of genetic variation on 259 disease prevalence and subsequent mortality. This contrasts with most genetic studies 260 of infectious disease which focus on disease resistance alone, and often use binary 261 mortality data at the end of the epidemic, thus not fully capturing the dynamic nature 262 of infectious disease [41] [42] [43] . 263
Our study provided the first direct evidence that there are genetic differences in host 264 infectivity and that the genetic make-up of a host can largely affect the survival of its 265 group mates by affecting their risk of becoming diseased. The novel genetic 266 differences found in host infectivity significantly explain variation in time to the 267 appearance of visual infection signs, which in turn was found to be strongly related to 268 survival. Host ability to transmit infections may also depend on the rate of contact 269 between hosts or their excreted infectious material with susceptible individuals and 270 on duration of the infection period 34, 44 . The mode of the transmission of Philasterides 271 dicentrarchi through contamination of water suggests constant rate of contact 272 between susceptible fish and the parasites shed by hosts (see Methods). Moreover, 273
we could not find significant family differences in shedder time to death in both trials 274 Figure 2) . This suggests that differences in infectivity are not simply 275 explained by the fact that more infectious individuals shed longer nor that they are 276 more tolerant to the disease. In addition, although higher infectivity can be also 277 manifested by shedding higher quantity or more virulent infectious material 45 , there is 278 no evidence for this in our study, as shedder family did not have a significant effect on 279 recipient time from signs to death. Therefore, apart from the detected genetic 280 variation in infectivity, we could not identify other significant epidemic factors that 281 may explain variation in the ability to transmit the disease. 282
Our findings suggest that genetic variation in host resistance is larger than genetic 283 variation in tolerance, and are in line with previous genetic studies of these traits for a 284 variety of diseases and species [46] [47] [48] [49] . However, the results may also partly depend on 285 the trait definitions used in our study. Since time to infection can usually not be 286 observed under natural transmission, we analysed resistance to onset of the disease, 287 which may be different from resistance to becoming infected. Not developing disease 288 after infection may be considered as an aspect of tolerance. Indeed, despite high 289 sensitivity and specificity for onset of visual signs as a diagnostic test for infection by P. 290 dicentrarchi (see Supplementary Table 1 and Methods), we found, through post 291 mortem detection, parasites in 222 recipient fish (out of 1420 recipients that were post 292 mortem examined -see Methods) which did not show signs of infection during the 293 experiment. We surprisingly also detected neither parasites nor signs of infection in 53 294 out of the 180 artificially infected fish used in trial 2. These findings indicate that fish 295 can express high levels of tolerance to infection that prevents development of 296 infection signs, resulting in a minimum impact of the parasite on their health. This 297 aspect of tolerance could however not be separated from resistance in our study. 298
Our experimental design tested in fish can be replicated in infection models with 299 livestock species. The advantage of conducting these studies in aquaculture is the 300 relative ease of creating many large families and generating large sample sizes. 301
Conducting transmission experiments in fish or livestock model species may provide 302 useful genetic information for studying complex disease traits such as resistance, 303 tolerance and infectivity in the context of infectious diseases in human populations 50 . 304
The family structure of the fish considered in our transmission experiment is expected 305 to provide estimation of individual genetic risks for resistance, tolerance and 306 infectivity 51 . In particular, under the assumption of infectivity being a heritable trait, it 307 can be defined as an indirect genetic effect (IGE), also known as an associative or a 308 social genetic effect 33,38,52,53 . Statistical models incorporating IGEs require populations12 structured into many isolated groups with related individuals in each of these 310 groups 54,55 , which was the case in our experiment. We have recently extended IGE 311 models to incorporate the dynamics of infection processes, and this extension can 312 accurately estimate genetic risks as well as heritabilities and environmental effects for 313 both infectivity and resistance 32 . However, further work is needed to adapt these 314 models for infections that cause recovery or death (such as scuticociliatosis) and to 315 incorporate genetic variation in tolerance to disease. 316
These IGE models have the advantage that they incorporate transmission between 317 recipients into estimation of genetic risks for resistance, infectivity and tolerance, 318 which was not explicitly considered in our study. In particular, these IGE models would 319 provide infectivity genetic risk estimates for all individuals in a population, from which 320 individuals with extreme risks can be identified as genetic superspreaders 32 . In the 321 context of animal breeding, these genetic superspreaders have higher probability of 322 generating offspring that would transmit most of the infections in a disease outbreak, 323 and therefore preventing their occurrence would be an effective means to reduce 324 disease prevalence in subsequent generations 56 . 325
In conclusion, our results imply that animals can potentially evolve three conceptually 326 different types of response affecting their own and their group members' chances of 327 surviving infections. In particular, we demonstrate for the first time that there is 328 significant genetic variation in in host infectivity. Our findings reveal new 329 opportunities for devising more effective genetic disease control strategies by 330 simultaneously exploiting genetic variation underlying host resistance, infectivity and 331 tolerance to disease, rather than focusing only on disease resistance as measured by 332 
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The scuticociliatosis transmission experiment in turbot. Philasterides dicentrarchi (P. 
